To constrain the properties of dark matter, we study spiral galaxy rotation curves measured by the THINGS collaboration. A model that describes a mixture of two self-gravitating non-relativistic ideal gases, "baryons" and "dark matter", reproduces the measured rotation curves within observational uncertainties. The model has four parameters that are obtained by minimizing a 2 χ between the measured and calculated rotation curves. From these four parameters, we calculate derived galaxy parameters. We find that dark matter satisfies the Boltzmann distribution. The onset of Fermi-Dirac or Bose-Einstein degeneracy obtains disagreement with observations and we determine, with 99% confidence, that the mass of dark matter particles is 16 h m > eV if fermions, or 45 h m > eV if bosons. We measure the root-mean-square velocity of dark matter particles in the spiral galaxies. This observable is of cosmological origin and allows us to obtain the root-mean-square velocity of dark matter particles in the early universe when perturbations were still linear. Extrapolating to the past we obtain the expansion parameter at which dark matter particles become non-relativistic: annihilation while dark matter remains ultra-relativistic. We repeat these measurements with ten galaxies with masses that span three orders of magnitude, and angular momenta that span five orders of magnitude, and obtain fairly consistent results. We conclude that dark matter was once in thermal equilibrium with the (pre?) Standard Model particles (hence the observed Boltzmann distribution) and then decoupled from the Standard Model and from self-annihilation at temperatures above m µ .
We measure the root-mean-square velocity of dark matter particles in the spiral galaxies. This observable is of cosmological origin and allows us to obtain the root-mean-square velocity of dark matter particles in the early universe when perturbations were still linear. Extrapolating to the past we obtain the expansion parameter at which dark matter particles become non-relativistic:
( ) annihilation while dark matter remains ultra-relativistic. We repeat these measurements with ten galaxies with masses that span three orders of magnitude, and angular momenta that span five orders of magnitude, and obtain fairly consistent results. We conclude that dark matter was once in thermal equilibrium with the (pre?) Standard Model particles (hence the observed Boltzmann distribution) and then decoupled from the Standard Model and from self-annihilation at temperatures above m µ .
These results disfavor models with freeze-out or freeze-in. We also measure
Introduction
The dark matter density in the core of spiral galaxies can exceed 10 7 times the mean dark matter density of the Universe. To learn about the properties of dark matter, we study the rotation curves of spiral galaxies measured by the THINGS collaboration [1] . The galaxies studied are in a stationary state, i.e. they have pulled away from the expansion of the Universe.
We use the standard notation for cosmology as defined in [2] , and the values of the cosmological parameters presented therein. Sometimes we use units with 1 =  and 1 c = as is customary. 
A Model of Spiral Galaxy Rotation Curves
These rotation velocities correspond, by definition, to test particles in circular orbits of radius r in the plane of the galaxy. There is good agreement between the THINGS analysis and previous measurements by K. Begeman [3] . The mass distribution of stars is obtained from measurements of surface brightness in the 3.6μm band and models of the mass-to-light ratio THINGS observations and analysis [1] . We estimate the uncertainties of ( ) b v r from the scatter between 4 fits presented by the THINGS collaboration: "ISO, free", "ISO, fixed", "NFK, free", and "NFK, fixed" [1] . These fits assume either the Navarro, Frenk and White (NFK) halo model [4] , or the pseudo-isothermal-gas (ISO) model. In the present analysis we would like to go further, i.e. constrain the equation of state of dark matter. To this end we compare the measured rotation curves with the following simplified model of a mixture of two self-gravitating non-relativistic ideal gases: "baryons" and "dark matter". We assume that the interactions between baryons and dark matter can be neglected. International Journal of Astronomy and Astrophysics 
if the last term in (6) is negligible. To lift this degeneracy and obtain these variables separately, we need information in addition to the galaxy rotation curves.
We fit four parameters to minimize the Table 1 . The parameter correlation coefficients for galaxy NGC 3198 are shown in Table 2 .
Derived Galaxy Parameters
We define Table 1 , are presented in Table 3 . The angular momenta of baryons b L inside g r are given in Table 4 .
Estimate of b κ
As an example, let us consider the spiral galaxy NGC 2403. A distribution of ve-locities along a particular line of sight is presented in figure 3 of [1] . , so the trajectories of stars and gas are approximately circular.
Estimate of h κ
Consider an expanding sphere of proper radius g r and comoving radius c r at time g t containing the matter that will become spiral galaxy NGC 2403. We assume adiabatic primordial perturbations, so the velocity fields of baryons and Table 3 . Galaxy parameters obtained by numerical integration with the fitted parameters in Table 1 . See Section 3 for definitions. 
According to the model of hierarchical formation of galaxies [5] [6], the sphere of radius g r expands, reaches maximum expansion, and then collapses to form a galaxy, see figure 5 of Reference [6] . 
The Boltzmann Distribution
Excellent fits to the rotation curves are obtained from Equations (3) to (6) sumes that the "system" under study is in "thermal equilibrium" with a "reservoir", and implies the equipartition theorem, e.g. 
Lower Bounds on mh for Fermions and Bosons
So far we have not considered the last term in Equation (6) (12) for e µ′ and substituting the result in (11) . We consider up to third order terms in the series of (11) and (12) until the onset of full degeneracy for fermions:
or the onset of Einstein condensation for bosons:
where the numerical factor is the ratio of the two series with 0 µ = . g r v r = − within experimental bounds. In conclusion, the galaxy rotation curves exclude Einstein condensation in the studied galaxies.
Suppose a galaxy (not in Table 1 ) has a core with Einstein condensation. Let bosons in excited states fall to the ground state. The pressure will drop and hence more bosons will fall to smaller r and condense, and the process is runaway. But this condensation and collapse does not occur in the galaxies stu- Table 5 . From this Table 4 .
In conclusion, the observed spiral galaxy rotation curves disfavor dark matter dominated by axion-like bosons with mass less than 45 eV.
Measurement of the Dark Matter Particle Mass mh
To be specific let us consider galaxy NGC 2403. The observed rotation curves of this galaxy, presented in Figure Derived parameters are presented in Table 3 . The mean dark matter density in the sphere of proper radius g r is ( ) 3 3 4π 3 0.00455 pc
We wish to relate these parameters to the primordial root-mean-square velocity of dark matter particles when perturbations were linear. We assume that dark matter particles have decoupled while still ultrarelativistic, i.e. have negligible interactions besides gravity. We take 0.15
A model of the hierarchical formation of galaxies is described in References [5] and [6] . Consider the expanding sphere of proper radius g r and comoving radius c r at time g t containing the matter that will form galaxy NGC 2403. This sphere expands, reaches maximum expansion, and then collapses to form galaxy NGC 2403, see figure 5 of Reference [6] . We estimate the root-mean-square velocity of dark matter at time g t , when perturbations are still linear, to be ( ) 
The absolute velocity rms h v has contributions from three spatial components, hence the factor 3 . The last factor is a correction corresponding to adiabatic compression. According to the model of the hierarchical formation of galaxies, Equation (15) should be valid even with merging of galaxies. A correction due to mixing, expected to be of order O(1), may be needed. Extrapolating to the past, we find that the expansion parameter at which dark matter particles become non-relativistic is 
T T m ≈ × ≈
after e e + − annihilation while dark matter remains ultra-relativistic. Repeating these calculations for other galaxies, and including statistical uncertainties derived from the uncertainties of the measured galaxy rotation curves, we obtain 
with min 0 r → . This equation can be understood directly: it expresses
were the last factor in (18) is the "expansion parameter" in the core of the galaxy. Table 6 . Measurements of the expansion parameter NR h a at which dark matter becomes non-relativistic (calculated with Equation (18), and the fits in Table 1 Alternatively, (18) expresses adiabatic expansion of a non-relativistic ideal "noble" gas:
. By "noble" we mean that collisions (if any) between dark matter particles do not excite internal degrees of freedom (if any) of these particles.
The independent measurements of h m presented in Table 6 are fairly consistent, considering that the masses b M of the galaxies span three orders of magnitude, and the angular momenta b L span five orders of magnitude. The average over nine independent measurements presented in Table 6 is ( ) 
and the average h T T , after e e + − annihilation while dark matter is still ultra-relativistic, is
where T is the photon temperature. Note that 
Estimate of Systematic Uncertainties
The statistical uncertainties (at 68% confidence) presented so far are derived from the observational uncertainties of the galaxy rotation curves, and contributions from h and c Ω .
The main systematic uncertainty comes from Equation (15). This Equation is
justified by the model of the hierarchical formation of galaxies [5] [6], and should be valid even for merging galaxies. Never-the-less Equation (15) may require a correction due to mixing. Consider galaxy NGC 3198. The time for a particle of dark matter to traverse the radius g r is 1.3 Gyr, so mixing due to particles entering and leaving the sphere occupied by the galaxy may be impor-International Journal of Astronomy and Astrophysics v , exept for a correction due to the expansion of the Universe. So we expect the correction due to mixing to be O(1) for galaxies in a stationary state, as confirmed by the fair consistency of measurements with galaxies with masses that span three orders of magnitude, and angular momenta that span five orders of magnitude. Further study of this issue is needed.
Another correction of O (1) 
Thermalized Dark Matter That Decouples While Ultra-Relativistic
We consider dark matter that at some time in the history of the Universe was in thermal equilibrium with the (pre?) Standard Model particles, and decoupled from these particles and from self-annihilation while still ultra-relativistic. To be specific, we consider dark matter to be dominated by a single family of sterile In Figures 1-10 we observe that the baryon core radius, the radius ed r of equal densities, and the dark matter core radius are similar, and increase in this order. We also observe that the baryon density dominates at small radii. These 
Angular Momentum
The suggestion is that the primordial angular momentum in the sphere of prop- . The velocity field of these vector modes is measured by the galaxy angular momenta listed in Table 4 if they are of cosmological origin.
Structure Formation
Most dark matter should have been non-relativistic at the time when there was a galactic mass inside the horizon [2] . From this criterion we have estimated
1.3
h m  keV for unsuppressed formation of galaxies with total (baryonic plus dark) mass as low as 8 10 M  [10] . On the other hand, simulations of the Cold Dark Matter scenario produce many more dwarf galaxies than observed [11] .
At an expansion parameter The present studies pose new questions. Why is the spiral galaxy core radius similar in galaxies that span three orders of magnitude in mass? It seems likely that this core radius is of cosmological origin. In fact Equation (18) 
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